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INTRODUCTION
ABSTRACT
A craniotomy is required to access the brain during neurosurgery for tumor resection
or epilepsy treatment and despite extensive precautionary measures, infectious
complications occur at a frequency of 1-3% (1-3). Approximately half of craniotomy
infections are caused by S. aureus, which forms a biofilm on the bone flap. Our
laboratory has developed a mouse model of S. aureus craniotomy-associated biofilm
infection that shares important ultrastructural and MRI attributes with human disease
(4). Toll-like receptor 2 (TLR2) is expressed by cells of the innate immune system
and is critical for recognizing pathogen-associated molecular patterns (PAMPs) in the
cell wall of gram-positive bacteria, such as S. aureus. Recent studies have shown
that TLR2 is critical for S. aureus containment during craniotomy infection, in that
TLR2 knockout (KO) mice displayed increased bacterial burden in the brain, galea,
and bone flap during acute and chronic infection (days 3 and 14, respectively)(5).
Cytokine and chemokine expression was dramatically reduced in TLR2 KO mice
which did not coincide with a decrease in leukocyte infiltrates in the brain or galea.
This suggested that S. aureus outgrowth in the context of TLR2 deficiency is not the
result of altered leukocyte recruitment, but instead due to defects in their activation
status. To determine this, RNA-sequencing (RNA-seq) was performed on microglia
purified from the brain of WT and TLR2 KO mice at either day 3 or 7 post-infection by
FACS with the goal of identifying microglial transcripts that are divergent between the
two mouse strains (either increased or decreased). RNA-seq revealed Fibroblast
Growth Factor Receptor (FGFR) 2 and 3 were upregulated in TLR2 KO microglia.
This suggests a direct correlation between TLR2, FGFR2 and FGFR3. Since
TLR2 KO animals have a bias toward an anti-inflammatory response to infection and
the fact that FGFR2 and FGFR3 are upregulated during wound healing or infection,
this could be a reason why higher levels are observed in TLR2 KO microglia. FGRF2
and FGRF3 are key regulators of neuronal protection and repair following brain
injury/infection. Therefore, microglia may be increasing the expression of these
receptors in an effort to control the damage that is occurring in response to the
increased bacterial burden in TLR2 KO animals.
METHODS
aa
A craniotomy is the surgical removal of part of the bone from the skull to expose the
brain. It may be performed to treat brain tumors, hematomas (blood clots),
aneurysms, traumatic brain injury, foreign objects (bullets), swelling of the brain, or
infection (7). The bone flap, the piece of bone temporarily removed, is a potential site
for biofilm infection. Biofilms are bacterial communities encased in a self-produced
matrix that are recalcitrant to antibiotics due to their metabolic dormancy (5). Toll-like
receptor 2 (TLR2) is an important receptor in the immune response to infection, as it
recognizes lipoproteins and peptidoglycan from the bacterial cell wall. Previous
studies from our laboratory have shown that TLR2 is critical for controlling bacterial
burden in a mouse model of S. aureus craniotomy infection (8). More recently, RNA-
seq analysis has shown that microglia from TLR2 KO mice express increased levels
of Fibroblast Growth Factor Receptor (FGFR) 2 and 3. Several studies provide
evidence that Fibroblast Growth Factors (FGFs) as well as their receptors are
expressed in normal skin and that their expression is induced during wound healing
or infection (6). The signaling component of the FGF family is comprised of eighteen
secreted proteins that interact with four signaling tyrosine kinase FGF receptors
(FGFRs) (6). Once activated, FGFR 2 and 3, specifically, have important roles in
response to infection and overall homeostasis of the human body. Both receptors
span the outer membrane surrounding cells allowing them to interact with specific
growth factors outside the cell and to receive signals that help the cell respond to its
environment. When growth factors attach to the receptor, the receptor triggers a
series of chemical reactions inside the cell to attack infection (6).
RESULTS
Fig. 1 TLR2 is important for S. aureus containment during craniotomy
infection. WT and TLR2 KO mice were sacrificed at days 3, 7, or 14
following S. aureus craniotomy infection, whereupon bacterial burden in the
galea, bone flap, and brain was quantified. Results were combined from 3
independent experiments (n = 10–16 mice/group) and analyzed by unpaired
Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). Figure taken from




• Microglial expression of FGFR2 and FGFR3 was 
elevated in TLR2 KO mice, concomitant with 
increased bacterial burden in the brain, galea, and 
bone flap.
• TLR2 KO microglia were less responsive to 
microbial stimuli (Pam3CSK4 and S. aureus), 
leading to an anti-inflammatory bias where FGFR2 
and FGFR2 are upregulated.
• The PI3K pathway is downstream of FGFR 
signaling and is involved in pathogen killing and was 
within the top 18 pathways enriched in TLR2 KO 
microglia at day 3 post-infection.
• Day 3 pathway analysis also revealed that 
numerous pathways involving FGFR3 signaling 
were enriched in TLR2 KO microglia, which 
corresponds to the 81-fold increase in FGFR3 
mRNA expression observed in TLR2 KO microglia.
• In future studies, the effects of Fibroblast Growth 
Factor Receptors, including their isoforms, could be 
investigated in the context of TLR2 loss to 
determine their functional role in promoting bacterial 
outgrowth and survival during craniotomy infection.
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A mouse model of S. aureus craniotomy-associated biofilm 
infection was used to investigate the role of TLR2 and lack thereof
RNA-sequencing of microglia purified from the brain of WT and 
TLR2 KO mice at either day 3 or 7 post-infection by FACS
Creation of Excel spreadsheets allowed for the comparison of 
both populations (WT and TLR2 KO microglia) to identify 
transcripts within TLR2 KO microglia that were upregulated
Fig. 2 Pro-inflammatory mediator production during S. aureus
craniotomy infection is primarily TLR2-dependent. WT and TLR2
KO mice were sacrificed at days 7 or 14 following S. aureus
craniotomy infection, whereupon (a) IL-1β, (b) CCL2, (c) G-CSF, (d)
IFN-γ, (e) TNF-α, (f) IL-6, (g) CXCL2, and (h) IL-17 production was
quantified using Milliplex multi-analyte bead arrays. Results were
combined from two independent experiments (n= 5–10 mice/group)
and analyzed by one-way ANOVA with Tukey’s multiple comparison
test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Figure taken
from Aldrich et al., J. Neuroinflammation, 2020.
Fig. 3 TLR2 does not regulate leukocyte influx during S. aureus craniotomy
infection. WT and TLR2 KO mice were sacrificed at days 3, 7, or 14 following S.
aureus craniotomy infection, whereupon (a) total CD45+ leukocyte, (b) MDSC
(CD11bhighLy6C+Ly6G+F4/80−), (c) neutrophil (CD11blowLy6C+Ly6G+F4/80−), and (d)
monocyte (Ly6C+Ly6G−CD11b+F4/80−) infiltrates were quantified in the galea and
brain. Results were combined from 3 independent experiments (n=10–16
mice/group). Figure taken from Aldrich et al., J. Neuroinflammation, 2020.
Fig. 4 TLR2-dependent signaling is critical for eliciting inflammatory
mediator release during MDSC co-culture with microglia or macrophages.
Primary microglia or bone marrow-derived macrophages were cultured alone or
with bone marrow-derived MDSCs in the presence/absence of the synthetic
TLR2 ligand Pam3CSK4 (10 ng/ml) for 24 h, whereupon G-CSF, CCL2, and IL-
1β production was measured by ELISA. Results are from one experiment (n= 3
biological replicates/treatment) that was independently replicated four times and
analyzed by unpaired Student’s t-test (*p< 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). Figure taken from Aldrich et al., J. Neuroinflammation, 2020.
Fig. 5 TLR2 limits tissue damage during S. aureus craniotomy
infection. WT and TLR2 KO mice were sacrificed at day 7 following S.
aureus craniotomy infection, whereupon cryosections of the head were
processed for H&E staining to visualize the extent of inflammation in the
galea and brain. Images presented are representative of 3 mice/group (2X
magnification; scale bar = 1 mm). Arrows depict the bone flap, and the
extent of brain parenchymal damage is denoted with dashed lines. Figure
taken from Aldrich et al., J. Neuroinflammation, 2020.
Fig. 6 Interplay between TLR2 and caspase-1 signaling during S. aureus
craniotomy infection. S. aureus craniotomy infection is typified by biofilm
formation on the bone flap, which results in an inflammatory response in the
galea that is dominated by myeloid-derived suppressor cell (MDSC) and
neutrophil (PMN) infiltrates, whereas monocytes are more numerous in the
inflamed brain. S. aureus triggers TLR2-dependent signaling, which leads to
pro-IL-1β production that requires activation by the caspase-1 inflammasome
for processing to the mature cytokine. IL-1β is critical for S. aureus containment
during craniotomy infection, but is not sufficient for bacterial clearance, since
biofilm infections persist in an immune competent host. Figure taken from
Aldrich et al., J. Neuroinflammation, 2020.
Figure 7. Top 25 Upregulated genes in TLR2 KO Microglia at Day 3 Post-infection Figure 9. Significantly Enriched Pathways in TLR2 KO Microglia at Day 3 Post-infection
Figure 8. Top 25 Upregulated genes in TLR2 KO Microglia at 
Day 7 Post-infection
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